Specificity for signaling by cAMP-dependent protein kinase (PKA) is achieved by both targeting and isoform diversity. The inactive PKA holoenzyme has two catalytic (C) subunits and a regulatory (R) subunit dimer (R 2 :C 2 ). Although the RIα, RIIα, and RIIβ isoforms are well studied, little is known about RIβ. We show here that RIβ is enriched selectively in mitochondria and hypothesized that its unique biological importance and functional nonredundancy will correlate with its structure. Small-angle X-ray scattering showed that the overall shape of RIβ 2 :C 2 is different from its closest homolog, RIα 2 :C 2 . The full-length RIβ 2 :C 2 crystal structure allows us to visualize all the domains of the PKA holoenzyme complex and shows how isoform-specific assembly of holoenzyme complexes can create distinct quaternary structures even though the R 1 :C 1 heterodimers are similar in all isoforms. The creation of discrete isoform-specific PKA holoenzyme signaling "foci" paves the way for exploring further biological roles of PKA RIβ and establishes a paradigm for PKA signaling.
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structural biology | signal transduction | allostery C yclic AMP-dependent protein kinase (PKA) regulates a plethora of biological events that extend from development and differentiation to memory, ion transport, and metabolism. The inactive PKA holoenzyme is composed of a regulatory (R) subunit dimer and two catalytic (C) subunits. Binding of cAMP to the R-subunits unleashes the C-subunits, thereby allowing phosphorylation of PKA substrates. Specificity of PKA signaling is achieved in large part by the isoform diversity of its R-subunits. There are two classes of R-subunits, RI and RII, which are subclassified into α and β subtypes. Each isoform is encoded by a unique gene and is functionally nonredundant. RIα-null mice display early embryonic lethality (1), whereas RIIβ-null mice have a lean phenotype and are resistant to diet-induced diabetes (2) . Specific isoforms also are expressed differently in cells and tissues. The RIβ isoform is expressed abundantly in brain and spinal cord (3) (4) (5) . Hippocampal slices from RIβ-null mice show a severe deficit in long-term potentiation and also in long-term depression and memory. Although RIα protein levels are increased in these mice, the hippocampal function is not rescued, suggesting a unique role for RIβ, which is the least studied Rsubunit (6, 7) . Most localization studies have focused on the differences between RI and RII and showed that RI isoforms are diffused mainly in the cytoplasm, whereas RIIs typically are associated with membranous organelles. More than 50 A kinase-anchoring proteins (AKAPs) have been identified as targeting PKA to a specific subcellular location (8) . The only potential AKAP that binds preferentially to the RIβ isoform identified so far is the neurofibromatosis 2 tumor suppressor protein, merlin (9) .
All R isoforms share the same domain organization, which includes a docking and dimerization (D/D) domain followed by an inhibitor sequence and two cAMP-binding domains (Fig. 1E) . Even though the overall fold of each cAMP-binding domain is conserved, each isoform has a different sensitivity to cAMP activation (10, 11).
Structures of the C-subunit, deletion mutants of various Rsubunits, and truncated holoenzyme complexes corresponding to R 1 :C 1 heterodimers have been solved; however, neither RIβ alone nor the full-length R dimer has been studied structurally. Although structures of R:C complexes revealed that the R-subunit undergoes major conformational changes upon binding to the C-subunit (12) (13) (14) , all R:C heterodimer structures identified so far are similar and, therefore, do not explain fundamental isoform differences. These R:C complexes, which lack the D/D domain, cannot explain how the holoenzymes are targeted to specific sites by docking to AKAPs, and they do not tell us whether there are interactions between the two R:C heterodimers. Small-angle Xray/neutron scattering (SAXS/SANS) showed profound differences in the overall shape of the full-length RIα, RIIα, and RIIβ holoenzymes (15, 16) . A recently described structure of a deletion mutant of RIα (75-244):C containing an extended linker shows how the linker interacts with the symmetry-related dimer (17) and thereby creates a twofold axis of symmetry between the two heterodimers. This structure provides a plausible model explaining how a dimer of heterodimers can be assembled. Most recently, the structure described for the RIIβ holoenzyme shows that its quaternary structure differs dramatically from the model of the RIα holoenzyme (18) and shows how differently the C-subunit can be packaged by two functionally nonredundant R-subunits. However, none of the D/D domains of the R-dimer in the holoenzyme complex have been visualized, and the full allosteric potential that is embedded in each holoenzyme structure remains elusive.
Results
PKA RIβ Subunit Is Enriched in Mitochondrial Fractions. Although RIα and RIβ isoforms have similar domain organization and share 87% sequence identity (Fig. S1 ), they are not functionally redundant functionally. So far there has been no systematic comparison of the cell distribution of RIα vs. RIβ. Because differences in function often are associated with subcellular localization and targeting, we first examined the localization pattern of all R isoforms in mouse heart using sorbitol gradient centrifugation, by which RIα and RIβ can be distinguished based on differences in gel mobility. Interestingly, we found that RIβ is the only isoform that is enriched selectively in the heavy membrane fractions that correspond to mitochondria and comigrated primarily with the mitochondrial marker cytochrome C (Fig. 1A) . In contrast, RIα, which typically is cytoplasmic (22) , is seen in the soluble fractions and the Golgi. RII isoforms are distributed throughout. We further confirmed the mitochondrial localization of RIβ by isolating mitochondria from different mouse tissues. As seen in Fig. 1B , RIβ, as compared with RIα, is enriched in mitochondria from all the tissues tested, with especially high levels in perirenal white adipose tissue. As expected, RIα is predominant in the residual postmitochondrial fraction from skeletal muscle (Fig. 1B) . RIα was shown previously to be targeted only in response to certain stimuli such as capping with an antigen (19) or generation of reactive oxygen species (20) . The selective targeting of RIβ seen only when one enriches for mitochondria suggests that RIβ may have a unique role in regulating mitochondrial structure and/or function. We hypothesized that the unique biological importance of RIα and RIβ and the differences in their tissue distribution also might be reflected in isoform-specific architectures. After purifying the full-length RIβ and forming the RIβ holoenzyme, we first confirmed that the RIβ holoenzyme has a lower K a (cAMP) for activation than the RIα holoenzyme, 29 nM vs. 103 nM, respectively, as previously described (10) . To compare their structures, we first used SAXS. The full-length RIβ and RIα homodimers have the same maximum dimension, Dmax (115 Å) and radius of gyration (Rg) values (40 Å) and thus exhibit a similar solution structure which is markedly more compact than the extended RII-type homodimer structures (Fig. 1C) (16) . However, significant differences are seen in the overall shape of the corresponding fulllength RIβ and RIα holoenzymes (Fig. 1D) . The RIβ holoenzyme has a linear slope in the high distance (r) range with an Rg of 52Å and a Dmax of around 165 Å, suggesting an extended cylinderlike shape (Fig. 1D and Fig. S2A ). In contrast, previous SAXS and SANS analysis showed that the RIα tetrameric holoenzyme is more compact and V-shaped, with an Rg of 47Å and a Dmax of 140Å (15, 16) . The P(r) curve of the RIα holoenzyme with its characteristic broad shoulder in the high r region is shown in Fig. 1D . These two RI holoenzyme shapes also are quite different from the compact globular shape of the RIIβ holoenzyme and the extended RIIα dumbbell-shaped holoenzyme (16) . Taken together, the SAXS data demonstrate that, in the absence of the Csubunit, RIα and RIβ homodimers have similar overall compact shapes, but significant differences in their shapes emerge when these isoforms are assembled into a dimer of heterodimers. Moreover, based on SAXS, the quaternary shapes of all four PKA holoenzymes are different.
Given the differences in subcellular distribution and sensitivity to activation by cAMP, as well as the unique overall architectures of RIα and RIβ, we hypothesized that the assembly of the R:C subunits in their holoenzyme conformation will each have unique quaternary structures for each isoform.
Crystal Structure of the RIβ Quaternary Holoenzyme Complex. By crystallizing the wild-type full-length RIβ dimer bound to two full-length C-subunits including ATP and two Mg +2 ions, we obtained a PKA holoenzyme structure at 3.7-Å resolution (Fig.  1F, Fig. S2B , and Table S1 ). The C-subunit adopts a closed conformation with Mg 2 ATP and the inhibitor site of the R- subunit bound at the active site cleft, similar to previous RIα holoenzyme structures (21, 22) . The R:C binding interface of each heterodimer in the RIβ structure also is similar to previous heterodimer structures: RIα (91-379):C, RIIα(91-392):C, and RIIβ (103-268):C (12) (13) (14) . The interface lies primarily between the C-subunit and cAMP-binding domain A (CNB-A) of the Rsubunit, whereas cAMP-binding domain B extends the interaction surface and contacts the αH-αI loop in the C-subunit.
The unique isoform-specific conformation of the RIβ holoenzyme can be appreciated only in the full-length holoenzyme, which is a dimer of two heterodimers (marked as R:C and R′:C′ in the figures). As in the RIα and RIIβ holoenzymes, the two heterodimers come together to create a twofold axis of symmetry; however, the details of that interface are different in each holoenzyme. These interfaces are created by loops and linkers that are exposed to solvent in the heterodimers.
The major interface between the two heterodimers in the RIβ tetramer involves the C-terminal tails of both C-subunits (406 Å 2 ) ( Fig. 2 and Fig. S3 ). The C-terminal tail of the C-subunit (residues 301-350) is a conserved structural element of most AGC kinases, and the unique features in the core of most AGC kinases are conserved to integrate the core functionally with the C-terminal tail to create an active enzyme (23, 24) . The C-terminal tail can be divided into three segments. The C-lobe tether (CLT) is tightly anchored to the large C-terminal lobe, and the N-lobe tether (NLT) is anchored firmly to the small N-terminal lobe. These two segments lock the C-subunit into its active conformation. The active site tether (AST) that links these two segments is dynamic and locks the kinase into a closed conformation in the presence of nucleotides (Fig. S3) (23, 25, 26) . The FDDY motif (residues 327-330) is the signature motif of the AST and interacts directly with ATP. F327 is the only residue outside the kinase core that binds to the adenine ring. Y330 lies on top of the ribose (Fig. S3) . Both F327 and Y330 are essential for activity (26, 27) .
The RIβ holoenzyme structure contains ATP, and we can see clearly that the AST is anchored to the active site, as it is in all nucleotide-bound structures of the C-subunit and in the RIα holoenzymes (21, 22) . The interface between the two heterodimers is created by the antiparallel alignment of the two C-tails, specifically between S325 from one C-tail and D329 from the FDDY motif from the symmetry-related C-tail (Fig. 2B) . The FDDY motif in the C-terminal tail thus is bifunctional. It acts not only as a cis-regulatory element that is needed for the catalytic activity and recruitment of ATP but also can be a transregulatory element that mediates interactions between the two C-subunits in the RIβ holoenzyme. In the RIβ holoenzyme the FDDY motif carries out both functions.
The C-tail is multifunctional and highly regulated in every AGC kinase. The FDDY motif in the C-terminal tail of some AGC kinases (e.g., Akt, PRK2, and PKA) is thought to serve as an important docking site for PDK1, which lacks its own FDDY motif (28); the recently explained structure of full-length PKCβII shows how the Phe residue of the FDDY motif also can serve as a docking site for its own C1B domain (29) . There also is a critical phosphorylation site in the C-tail that, in the case of PKA, is added cotranslationally while the C-subunit is still on the ribosome. In PKC this phosphorylation site is a docking site for Pin1 (30) . Most other AGC kinases have an additional phosphorylation site that lies just beyond the hydrophobic (HF) motif. A conserved PXXP motif in Akt can interact with Src or, in the case of PKCβII, with Hsp70/cdc43 (31). Thus many protein:protein interaction motifs are embedded within the C-tail, and these interactions define the C-tail as a dynamic trans-regulatory element. The RIβ structure provides additional insights into the versatility and functional importance of these motifs embedded within the C-terminal tail of the AGC kinases. The unusual feature of our structure was that we were capable to visualize both the D/D domain and the CNB domains simultaneously. Structures of these domains for different Rsubunits were solved previously only separately. The extended flexible linker between these domains prevented crystallization of the full length R-subunits. Because the heterodimer structures lack the D/D domain, they do not provide a detailed picture of the molecular interactions of the full-length holoenzyme and potential interactions between the D/D domain and the rest of the complex, nor do they explain fully the mechanism for allostery and regulation. Fig. 3 and Fig. S4 highlight the position of the full-length R-subunit homodimer containing the D/D domain as well as the CNB domains. Although 21 residues of the linker region between the D/D domain and the CNB-A domain of each R-subunit (residues 59-81) are still missing in our structure, several features are clear. The CNB domains in each protomer are well separated, in contrast to our RIα model and the RIIβ holoenzymes, in which the CNB domains are a major interface. In all cases the CNB domains undergo a major conformational change upon release of cAMP and binding to the C-subunit. However, the C-subunit-bound conformation of all R-subunits is virtually the same (Fig. S5) . Thus, it is the unique interface created by each R:C heterodimer that defines the particular quaternary structures of each holoenzyme.
In the RIβ holoenzyme the D/D domain is an integral part of the holoenzyme complex, providing direct communication between the heterodimers; it not only dimerizes the two Rsubunits and provides the docking surface for the AKAP helix (32-34) but also docks onto a well-known hydrophobic binding site in the adjacent symmetry-related C-subunit (Fig. S4A and Figs. S6A and S7) .
A specific feature of the RI subunits is the N-terminal helix (named "helix N") and the presence of cysteine residues (Fig.  S4C ). In the isolated RIα D/D domain structures, Cys37 from one chain is disulfide bonded to Cys16 from the opposite protomer (32, 34) . This disulfide bond also is present in the isolated RIα D/D domain bound to an AKAP peptide (Fig. S4B) (34) . In the RIβ holoenzyme complex, the D/D domain is an integral part of the intact holoenzyme, and Cys37 is not disulfide bonded; instead, it is bound to the C-subunit (Figs. 3 and 4A ). This bond allows helix N to be more flexible, similar to the isolated RIα D/D domain in reduced conditions in which these cysteines are not disulfide bonded. Based on NMR studies, the linker between helix N and helix I is dynamic (32) . In the isolated RIα D/D domain structure, residues 24-38 are defined as helix I flanked by linker regions. In the RIβ tetramer, however, the D/D domain helices are not well formed. In particular, residues 35-38 are not part of helix I when they dock onto the C-subunit (Fig. S4A) . This observation may suggest flexibility or plasticity of the D/D domain when it mediates interdomain interactions. Because introducing the disulfide bonds obviously alters this region, we can begin to appreciate how this domain might allow the RI subunits to function as unique redox sensors (20, 35) . Recently, it was shown in cardiac myocytes that, upon H 2 O 2 treatment, there is increased disulfide-bond formation in the RIα D/D and nuclear localization of PKA, an effect attributed to the enhanced anchoring by AKAPs (20) . With this structure we see that change of the redox potential could simply lead to reorganization of an AKAP-anchored holoenzyme. We predict that binding of an AKAP, as well as oxidation of disulfide bonds, will have a major effect on the function and dynamic properties of the RIβ holoenzyme. (Fig. 4A and Fig. S6A ). This hydrophobic interface is formed by two additional residues from the C-subunit: Ala233 and the conserved Pro258 that follows the αG helix. This conserved hydrophobic site is anchored firmly to the central αF-helix that serves as a general scaffold for most of the important residues in all protein kinases (36) .
The main chain conformation of the αF-αG loop in the Csubunit is conserved throughout the protein kinase family and is as an important docking site on PKA and other kinases. This hydrophobic pocket created by Tyr235 and Phe239 is recognized in unique ways by different PKA substrates and inhibitors (Fig.  S7) . For example, an amphipathic helix in the heat-stable protein kinase inhibitor peptide docks onto this pocket (37) . The RIIβ subunit occupies the same pocket with a strand region that lies N-terminal to the inhibitor site (N-linker) when the C-subunit is trapped as a ternary complex with nonhydrolyzable analog of ATP, Adenylyl-imidodiphosphate (AMP-PMP) (Fig. S7C) (12) .
In contrast to RIβ, in the holoenzyme model of RIα this pocket interacts with the β4-β5 loop of the R-subunit from the symmetryrelated dimer, providing a completely different intermolecular docking surface (Fig. S7D) (17) . In summary, a portion of the D/ D domain docks in a trans manner onto a conserved docking site on the C-subunit and appears to be an integral part of the quaternary structure. Although the D/D domain is the least resolved region of the structure, its strategic position suggests that binding to an AKAP will be sensed by the entire holoenzyme. this segment is the inhibitor site (IS) that docks to the active site cleft of the C-subunit in the holoenzyme. The region from the IS to CNB-A becomes ordered in the holoenzyme (Fig. 4B) . Superposition of the available structures of the N-linkers of RIα and RIβ shows how each N-linker region docks onto the surface of the C-subunit in a different way, although the structure and position of the inhibitor site and the C-linker of these isoforms, including RIIα and RIIβ, are similar (Fig. 4 B and C) . The structure of the RIα 1 :C 1 heterodimer that includes its N-linker region shows the importance of this linker for the assembly of the quaternary structure (17) . This N-linker docks onto the R-subunit of the symmetry-related dimer and thus creates an interface that enables us to build an RIα holoenzyme model that is a dimer of a heterodimer (17) . All R isoforms dock in a similar manner to the active site cleft of the C-subunit, and the overall architecture of the R 1 :C 1 heterodimers is remarkably similar (Fig. S8) (12-14) . This variability in the R-subunit linker region is used to promote different interdomain arrangements that lead to remarkably different quaternary architectures (Fig. 5) . It emphasizes the importance of short linker regions within multidomain proteins: They allow independent functions for each domain and allow structural flexibility, and they also contribute to the unique overall architecture of the protein.
The holoenzyme R 2 :C 2 structures show how PKA uses similar building blocks to create unique quaternary structures for each isoform despite the high degree of sequence identity (Fig. 5) . In comparing the sequences of RIα and RIβ (Fig. S1) , one sees very few changes, especially if one looks only from the inhibitor sites through the C terminus, and most of the differences are conservative. One exception, however, that is significantly different and strategically placed is residue 186 in the β4-β5 loop. This highly conserved loop is solvent exposed in all our previously solved R-subunit structures. In our model of the RIα holoenzyme, however, and in a recently solved structure of the RIIβ quaternary complex, we discovered a function for this motif. Asn186, which is uniquely conserved in RIα but is replaced by Gly in RIβ (Fig. 4C) , makes a specific contact with the N-linker region of the other heterodimer and thus appears to drive the assembly of the two heterodimers into a tetramer. To test whether a single strategically placed residue can drive the organization of the isoform-specific quaternary structures, we replaced Asn186 with Gly in RIα. As seen in Fig. 4D and Fig. S9 , this single amino acid replacement results in significant changes in RIα function and structure and causes it to resemble RIβ more closely. The K a of activation was reduced to 67 nM, a value that lies between the wild-type RIα (103 nM) and the RIβ (29 nM) holoenzymes. The Hill coefficient value of the mutant (1.57), when compared with the wild-type RIα (1.7) and RIβ holoenzymes (1.4), suggests that this single mutant is more RIβ-like (Fig. 4D ). In addition, its SAXS profile indicates a global conformation different from that seen with the wild-type RIα, and with the Rg value reduced by 6 Å, a significant change (Fig. S9) . Thus the distinct allosteric networks for each isoform and their functional diversity can be achieved by creating specific interfaces in each quaternary structure.
Discussion
The RIβ quaternary structure reveals how the PKA holoenzyme uses the R-and C-subunits as dynamic building blocks with the Csubunit serving as a stable scaffold that is embedded in unique ways within the flexible domains of the R-subunit homodimer. Each R 1 :C 1 heterodimer is similar in all isoforms, but the two heterodimers interact in unique ways. By forming dimer of dimers in the holoenzyme, we see a twofold symmetrical complex. However, the geometry of the symmetry is unique for each holoenzyme (Fig. 5 ). In the recently solved structure of the RIIβ holoenzyme (18) , as well as in the model of the RIα holoenzyme, the two Csubunits do not touch one another, in contrast to the RIβ holoenzyme (Fig. 5) , and the interfaces between the two heterodimers in each isoform are completely different. Each holoenzyme senses cAMP differently, with K a s varying from 30 nM for RIβ to 600 nM for RIIβ; based on our structures of the full-length proteins, it is clear that the allosteric mechanism is isoform specific. Elucidating the details of this mechanism is our next challenge.
The D/D domain, in theory, can function either as an independent docking motif, as was predicted for RIIα (16) , or, alternatively, can be an integral part of the holoenzyme that influences the kinase and/or CNB domains. In the RIβ holoenzyme structure we see that the D/D domain interacts directly with the C-subunit. This interaction emphasizes an important role for the D/D domain in assembling the quaternary structure in various PKA isoforms. It also confirms the plasticity and versatility of this domain that allows specific interactions with numerous AKAPs (38) . In particular, striking differences are seen in the position of the D/D domain relative to the rest of the protein in the RIβ and RIα holoenzymes (Fig. 5) . In addition to being an integral part of the complex, the unique D/D domain position may contribute to its localization and specific AKAP binding in RIβ.
Unlike many protein kinases, PKA is assembled as a fully phosphorylated enzyme that then is packaged as an inactive tetrameric holoenzyme. This fully phosphorylated native state of PKA ensures that PKA activation depends exclusively on the generation of the second messenger, cAMP. Specificity is achieved not only by the tissue-specific expression of the different isoforms but also by targeting the holoenzymes in close proximity to dedicated substrates, typically through AKAP scaffolds. In this way the cell creates microenvironments of PKA signaling that frequently also include phosphatases and phosphodiesterases. Thus, in cells PKA is packaged as an inactive quaternary structure that is part of a macromolecular complex dedicated to a specific phosphorylation event or a set of correlated events. Most AKAPs that target PKA to channels, transporters, and G protein-coupled receptors are specific for RII subunits, and RII holoenzymes, in general, are constitutively targeted with high affinity to membranes (Fig. 5A) . In contrast, RIα is thought usually to be cytoplasmic and targeted in response to cell stimuli. Several dual-specific AKAPs bind with high affinity to both RI and RII subunits (39) , and a few, such as SKIP and Rapsyn, are specific for RI (40, 41) . SKIP specifically localizes RI to the mitochondrial intermembrane space. Here we show that RIβ, not RIα, is selectively enriched in mitochondria. Obviously, now it is essential to elucidate the biological consequences of targeting RIβ to mitochondria.
Conclusion
We now are confronted with the realization that the four PKA holoenzymes not only are functionally nonredundant and localized differently but are also structurally distinct. These results also clearly define PKA not as a single catalytic subunit that floats freely around the cell but as a major regulatory component of complex and highly dynamic macromolecular scaffolds. Each scaffold is dedicated to the regulation of a specific biological event, such as opening and closing a channel or fission vs. fusion of mitochondria. Clearly there also is a mechanism for targeting PKA to the nucleus, where it can mediate gene expression. However, each of these events is likely to be highly orchestrated and almost certainly will be isoform-specific. We know little about the biological role of RIβ, but its structure and its selective enrichment in mitochondria, like the earlier genetic studies, suggest not only that it will be different from the RII-subunits but also that it will be distinct from RIα.
Material and Methods
Details of protein expression holoenzyme formation, crystallization, and refinement, SAXS, and detection of PKA expression in mice are provided in SI Materials and Methods. The atomic coordinates have been deposited in the Protein Data Bank (PDB ID 4DIN). All structural figures were prepared using PyMol (http://www.pymol.org).
